Introduction
A major hypothesis for the failure of CNS axon regeneration is the presence of axon growth inhibitors in the CNS environment that actively block regeneration (Yiu and He, 2006) . Prototypical myelin-derived axon growth inhibitors, including Nogo (or Rtn4), myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp), have been vigorously pursued as therapeutic targets. Although sharing no sequence homology, these three molecules can bind to common receptors NgR1 (or NgR) and PirB (paired Ig-like receptor B) (Fournier et al., 2001; Atwal et al., 2008) . Signal-transducing coreceptors include p75 NTR , TROY (tumor necrosis factor receptor superfamily member 19), and LINGO-1 (leucine-rich repeat and Ig domain containing, Nogo Receptor-interacting protein), with downstream effectors such as Rho and ROCK (Rho-associated kinase) (Yiu and He, 2006) . Importantly, Nogo and MAG may also signal through other receptors: both may signal through an integrindependent mechanism (Goh et al., 2008; Hu and Strittmatter, 2008) , whereas MAG can signal through gangliosides and NgR2, an NgR1 homolog (Venkatesh et al., 2005; Williams et al., 2008; Wörter et al., 2009 ) (supplemental Fig. 1 A, available at www. jneurosci.org as supplemental material). Despite rapid progress in elucidating the molecular pathway associated with the prototypical myelin inhibitors, their contribution to regeneration in vivo remains poorly understood.
Another class of proposed inhibitors is the chemorepulsive axon guidance molecules. Although the role of these molecules during development is well documented, their role as inhibitors of axon regeneration in the adult CNS remains to be investigated (Yaron and Zheng, 2007) . Among these, class 3 Semaphorins are distinctly expressed by meningeal fibroblasts (De Winter et al., 2002) that reside in glial fibrillary acidic protein (GFAP)-negative (GFAP Ϫ ) regions and form distinct boundaries with the GFAPpositive (or GFAP ϩ ) astrocytic scar at the injury site (Herrmann et al., 2010) . Class 3 Semaphorins signal through Neuropilin (ligand binding)-Plexin (signal transducing) receptor complexes (Yaron and Zheng, 2007) . Disrupting this signaling pathway may enable injured axons to overcome class 3 Semaphorin-mediated inhibition and to extend through the inhibitory meningeal fibroblasts and the astrocyte-meningeal fibroblast border.
Here we test the hypothesis that axon growth inhibitors are functionally redundant in blocking axon regeneration by genetic analyses. To test redundancy within the myelin inhibitory pathway, we analyzed mice deficient in Nogo/MAG/NgR1. To test redundancy between myelin-mediated and class 3 Semaphorin-mediated inhibition, we analyzed mice deficient in PlexinA3/PlexinA4 (two key signal-transducing receptors for class 3 Semaphorins) (Yaron et al., 2005) as well as NgR1. To our knowledge, this represents the first functional test on targeting multiple classes of inhibitory influences in the CNS to promote spinal axon regeneration. Our data indicate that even targeting multiple components of the myelin inhibitory pathway or multiple classes of inhibitory influences is insufficient to enhance regeneration of injured axons, including serotonergic axons through a complete transection spinal cord injury.
Materials and Methods
All single mutants have been described previously: Nogo-A,B (Zheng et al., 2003) , MAG (Li et al., 1994) , NgR1 (Zheng et al., 2005) , PlexinA3 (Cheng et al., 2001) , and PlexinA4 (Yaron et al., 2005) . NgR1 mutants were assessed in C57BL/6 background; Nogo/MAG/ NgR1 triple mutants and mice carrying Plexin mutations were assessed in mixed genetic background, including 129S7 and C57BL/6. For Plexin/NgR1 mutants, single-mutant mice were bred to each other to obtain triple heterozygous mice (males carried PlexinA3 Ϫ/Y), which were intercrossed to obtain homozygous mutants and wild-type (WT) siblings. The respective genotypes were then intercrossed among themselves to give more homozygous mutant and WT cousins for experimentation.
Spinal cord surgeries. Six-to eight-week-old female mice were subjected to a T8 complete transection injury. After laminectomy to expose the spinal cord, the dura was punctured bilaterally with a 30 gauge needle, and the cord was transected throughout the entire width and depth with iridectomy microscissors. A microknife was then used to trace the cord, pressing against the lateral and ventral sides of the vertebral cavity to ensure completeness of the lesion. Two weeks before they were killed, mice in the Plexin triple-mutant groups received stereotaxic injection of biotinylated dextran amine (BDA) (10%; Invitrogen) to trace the corticospinal tract (CST) (0.7 mm deep into the right sensorimotor cortex at the following six sites: 0.1, 0.6, and 1.1 mm posterior; 1.0 and 1.4 mm lateral, all in reference to bregma, 0.2 l/site). Six weeks after injury, mice were perfused with 4% paraformaldehyde transcardially, and spinal cord tissues were dissected, postfixed, cryoprotected, and embedded. Sections, 20 m, were cut serially from an 8 mm block surrounding the injury site in the sagittal plane and immunostained in a high-salt buffer (Lee et al., 2007) for GFAP (Invitrogen) and 5-hydroxytryptamine (5-HT) (Immunostar). Streptavidin-546 was used to detect BDA-traced CST axons. All experimental procedures were approved by the University of California, San Diego Institutional Animal Care and Use Committee.
Quantification. NIH ImageJ software was used. In the myelin triplemutant study, the region caudal to injury (500 m from the GFAP ϩ lesion border) was quantified for total thresholded 5-HT immunoreactivity. In the Plexin triple-mutant study, the regions rostral, at, and caudal to the injury site were quantified for percentage area positive for 5-HT and neurofilament immunoreactivity. CST defect in PlexinA3/PlexinA4 mutants was quantified by crossing the mutants to the Thy1-YFP-H transgenic line (Feng et al., 2000) in which CST axons (and other neuronal/axonal populations) are labeled with yellow fluorescent protein (YFP). The number of ectopic CST axons that fail to decussate was determined from transverse brainstem sections and expressed as a percentage of the total YFP-labeled CST axons before midline crossing.
Results
The presence of multiple myelin-derived axon growth inhibitors and receptors indicates a high level of redundancy in the prototypical myelin inhibitory pathway, which may explain the lack of a robust and consistent regeneration phenotype in mice lacking any one inhibitor or receptor (Zheng et al., 2006; Lee et al., 2009 ). We hypothesized that disrupting multiple key components of the myelin inhibitory pathway would remove much of the redundancy in the system (supplemental Fig. 1 A, available at www. jneurosci.org as supplemental material) and consequently would be sufficient to elicit robust axon regeneration in the CNS. We tested this hypothesis by generating Nogo-A,B/MAG/NgR1 triple-mutant mice (referred to as Nogo/MAG/NgR1 mutants below for simplicity) by breeding single-mutant lines described previously (see Materials and Methods). We chose to combine these three mutations for several reasons: (1) Nogo-A and NgR1 are the founding members of the inhibitory ligands and receptors, respectively, of the prototypical myelin inhibitory pathway, and there is most evidence for a role of these two molecules in blocking axon regeneration based on studies with neutralizing antibodies, peptides, or receptor bodies (Schnell and Schwab, 1990; GrandPré et al., 2002; Li et al., 2004; Liebscher et al., 2005) ; (2) among the three Nogo isoforms (Nogo-A,B,C), Nogo-A is the primary isoform expressed by oligodendrocytes and therefore the most relevant to myelin inhibition (Chen et al., 2000) ; (3) deleting Nogo-A would eliminate the inhibitory signal from its N-terminal region (or amino-Nogo) in addition to that from its C-terminal Nogo-66 region that signals through NgR1 (Fournier et al., 2001 ); (4) deleting MAG would eliminate its inhibitory signal through its NgR2 and ganglioside receptors; and (5) deleting Nogo-A and MAG would eliminate their inhibitory signals through integrins or PirB. Thus, the only known inhibitory signal presumably left intact in the prototypical myelin inhibitory pathway would be from OMgp to PirB in these triple mutants.
We chose the raphe spinal serotonergic (5-HT) tract as the primary axonal tract to assess regeneration because of its known ability for injury-induced axonal growth (Saruhashi et al., 1996) . We reasoned that focusing on an axonal population prone to regenerative growth would make it more likely to detect any regeneration-promoting effect of attenuating the inhibitory influences. Indeed, a previous study reported enhanced 5-HT axon regeneration in an NgR1 mutant line (Kim et al., 2004) . We thus included a (different) NgR1 null mutant (Zheng et al., 2005) in our study as a reference point to examine the degree of any 5-HT axon regeneration.
Because 5-HT axons descend throughout the dorsal and ventral spinal cord (supplemental Fig. 1 B, available at www. jneurosci.org as supplemental material), only a complete transection can ensure the elimination of all 5-HT axons at the injury site en route to caudal spinal cord. NgR1 mutants, Nogo/MAG/ NgR1 triple-mutants, along with their respective WT controls were subjected to a complete transection spinal cord injury at thoracic level 8 (T8) and allowed to survive for 6 weeks (see Materials and Methods). Sagittal sections around the injury site were immunostained for GFAP to verify lesion effectiveness and 5-HT to detect serotonergic axons (Fig.  1) . In all mice, the injury sites encompassed a GFAP Ϫ lesion epicenter that was surrounded by strongly GFAP-immunoreactive areas indicative of reactive astrogliosis, typical for penetrating spinal injuries in mice (Herrmann et al., 2010) .
In both WT and NgR1 mutant mice, rostral to the injury, 5-HT axons were present primarily in the gray matter until they approached the injury site, where they often spread into the white matter, likely reflecting axon sprouting ( Fig.  1 A, B) . Regardless of the genotype, 5-HT axons could be detected in areas of strong GFAP immunoreactivity, often stopping just before the GFAP Ϫ lesion epicenter. However, no axons penetrated the injury site except in two WT mice and three NgR1 mutants. Those that did appeared to have traveled through the GFAP ϩ tissue bridges at the injury epicenter (Fig. 2) . In contrast to published data also with a complete transection injury but in a different NgR1 mutant line (Kim et al., 2004) , the caudal 5-HT axons seen here were few in number, did not extend far past the injury site, and were present in a subset of the mice regardless of the genotype. Quantification of 5-HT axons caudal to the injury site did not reveal a statistically significant difference between WT controls and NgR1 mutants (Fig. 1C) .
Likewise, Nogo/MAG/NgR1 triple mutants, along with their WT controls, exhibited no or few 5-HT axons caudal to the injury site (Fig. 1 D, E) . One mouse from each genotype exhibited few short 5-HT-positive axons caudal to the injury site, and again, these axons appeared to have traveled through the injury site by way of GFAP ϩ tissue bridges (data not shown). Quantification of 5-HT axons caudal to the injury site did not reveal a significant difference between WT controls and Nogo/MAG/NgR1 triple mutants (Fig. 1 F) . Thus, deleting NgR1, or Nogo-A,B, MAG, and NgR1 altogether, did not lead to enhanced 5-HT axon regeneration beyond a complete transection spinal cord injury in mice.
The observation that a small number of 5-HT axons traversed the GFAP ϩ tissue bridges regardless of the genotype in these experiments indicates that the GFAP Ϫ injury area is particularly inhibitory to 5-HT axon growth. Among the proposed axon growth inhibitors, class 3 Semaphorins are distinctly expressed by GFAP Ϫ meningeal fibroblasts at the injury site after complete spinal transection (De Winter et al., 2002) . Class 3 Semaphorins signal through receptor complexes containing Neuropilins as the ligand-binding moieties and Plexins as the signal-transducing moieties (Yaron and Zheng, 2007) . A previous attempt to decipher the role of class 3 Semaphorins in spinal axon regeneration using virally delivered short hairpin RNA (shRNA) knockdown of Neuropilins was unsuccessful as a result of apparent shRNAmediated cytotoxicity (Ehlert et al., 2010) . To determine whether attenuating class 3 Semaphorin-mediated growth inhibition promotes axon regeneration, we characterized mice deficient in PlexinA3 and PlexinA4, two key signal-transducing receptors for class 3 Semaphorins, and Sema3F and Sema3A in particular (Yaron et al., 2005; Tran et al., 2009) . To test for any synergistic effect of attenuating myelin-mediated inhibition and Semaphorin-mediated inhibition, we also generated and characterized triple-mutant mice that lack PlexinA3, PlexinA4, and NgR1 altogether (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material).
Six weeks after a complete transection injury, 5-HT axons in all mice regardless of genotype approached the injury site, which was outlined using GFAP immunoreactivity (Fig. 3A-C) . Again, 5-HT axons often stopped just before-but did not penetratethe GFAP Ϫ lesion epicenter. Occasionally, 5-HT axons were found within the injury site associated with GFAP ϩ bridges. In rare instances, 5-HT axons protruded into the caudal spinal cord through GFAP ϩ bridges. However, this occurred in a subset of the mice regardless of the genotype: 4 of 17 WT mice, 3 of 9 PlexinA3/PlexinA4 double mutants, and 2 of 9 PlexinA3/ PlexinA4/NgR1 triple mutants (an example from a WT mouse shown in supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Quantification of 5-HT immunoreactivity rostral, at, and caudal to the injury site did not reveal any significant differences among the three genotypes (Fig. 3D) .
To determine whether other axonal populations might behave differently, we next examined the regeneration of the CST, which is often assessed using a dorsal hemisection injury model (Zheng et al., 2006) . However, PlexinA4 mutants exhibit an altered trajectory in the CST because of a developmental defect. In WT mice, the main CST bundle crosses the midline at medullary pyramids and then descends in the ventral part of the dorsal column in the spinal cord (supplemental Fig. 3 A, B , available at www.jneurosci.org as supplemental material). In all PlexinA3/ PlexinA4 double mutants (n ϭ 16) as well as PlexinA4 single mutants (n ϭ 5), a significant portion of CST axons fail to cross the midline at medullary pyramids and consequently remain ipsilateral in the spinal cord (supplemental Fig. 3C-F , available at www.jneurosci.org as supplemental material) (and data not shown), as described previously (Faulkner et al., 2008; Rünker et al., 2008) . These ectopic CST axons were readily detected by ei- Figure 4 . Lack of enhanced CST and neurofilament-positive axon regeneration after a complete transection injury in PlexinA3/ PlexinA4/NgR1 triple-mutant mice. A, B, Representative spinal cord sagittal sections around a complete transection injury site stained for traced CST axons and 5-HT axons. C-E, Representative spinal cord sagittal sections stained for neurofilament (NF) around a complete transection injury in different genotypes. Open arrow indicates injury site. Scale bar, 500 m. F, Quantification of neurofilament immunoreactivity rostral, at, and caudal to the injury site. n ϭ 17 for WT (6 traced for CST), 9 for PA34 double knock-outs (DKO), and 9 for PA34/NgR1 triple knock-outs (TKO). No significant differences, two-way repeated-measures ANOVA, Bonferroni's post hoc test.
ther surgical tracing with BDA (supplemental Fig. 3C,D , available at www.jneurosci.org as supplemental material) or genetic tracing using the Thy1-YFP-H transgenic line (Feng et al., 2000) (supplemental Fig. 3 E, F , available at www.jneurosci.org as supplemental material). Using the genetic tracer, we determined the percentage of ectopic CST axons in the PlexinA3/PlexinA4 mutants to be ϳ33% (21, 33, and 44% in three animals analyzed).
Because these aberrant CST axons reside in the ventrolateral white matter (arrow in supplemental Fig. 3D , available at www. jneurosci.org as supplemental material), only a complete transection injury can eliminate these axons en route to the caudal spinal cord. After complete transection, CST axons in both WT and PlexinA3/PlexinA4/NgR1 mutants retracted from the injury site, typical for this axonal population (Fig. 4 A, B) . Not a single CST axon traversed the injury site, let alone reaching the caudal segment in nine PlexinA3/PlexinA4/NgR1 triple mutants along with 17 WT controls.
To assess the regenerative growth of a more general axon population, we analyzed neurofilament immunoreactivity that is widely used as a general axonal marker to detect possible changes in the amount of axons present at or around the injury site (White et al., 2008) . Neurofilament-positive axons were present in similar densities among the different genotypes rostral, at, and caudal to the injury site ( Fig. 4C-F ) . Thus, deleting PlexinA3/PlexinA4 or PlexinA3/PlexinA4/NgR1 altogether did not lead to enhanced 5-HT or CST regeneration across a complete transection injury or detectable alteration of general axonal growth into and around the lesion as assessed by neurofilament immunoreactivity.
Discussion
Our data indicate that genetically deleting three key components of the myelin inhibitory pathway, Nogo, MAG, and NgR1, is insufficient to promote 5-HT axon regeneration through a complete transection spinal cord injury. Furthermore, genetically attenuating two classes of inhibitory influences, by deleting NgR1, PlexinA3, and PlexinA4, is insufficient to enhance regeneration of 5-HT or CST axons, or growth of a more general, neurofilamentpositive axonal population at and around the injury site. Together, these data illustrate, for the first time to our knowledge, that even targeting more than one class of inhibitory influences in the injured adult CNS is insufficient to promote significant axon regeneration after a complete spinal transection.
In the absence of Nogo/MAG/NgR1, other myelin inhibitory components, such as OMgp and PirB, might be sufficient to inhibit regeneration. In addition, other classes of inhibitory influences remain in Nogo/MAG/NgR1 mutants, including chondroitin sulfate proteoglycans derived from the GFAP ϩ astroglial scar (Bradbury et al., 2002; Silver and Miller, 2004) . In this regard, 5-HT axons appear to be capable of traversing the GFAP ϩ bridges of the injury site, indicating that, compared with GFAP Ϫ cells, GFAP ϩ astroglia present a less inhibitory-perhaps even growth-permissive-substrate for 5-HT axons. This is consistent with previous observations that GFAP ϩ astroglia may express growth-promoting molecules, although they are known to produce growth inhibitors when activated (Shearer et al., 2003) . This observation prompted us to examine the role of class 3 Semaphorins known to be expressed by GFAP Ϫ meningeal fibroblasts (De Winter et al., 2002) by genetically deleting two key receptors for class 3 Semaphorins, PlexinA3, and PlexinA4 (Suto et al., 2005; Yaron et al., 2005; Tran et al., 2009) . Because PlexinA4 has also been implicated in Sema6A-and Sema6B-mediated axon guidance (Suto et al., 2005; Faulkner et al., 2008; Rünker et al., 2008) , our result has implications beyond the class 3 Semaphorins. The lack of enhanced 5-HT and CST axon regeneration in PlexinA3/PlexinA4/NgR1 triple mutants indicates that attenuating both Semaphorin and myelin-mediated inhibition is insufficient to promote axon regeneration through a complete transection.
The role of Sema3A in CNS repair has been interrogated with a small molecular inhibitor, SM-216289 (or xanthofulvin) (Kaneko et al., 2006) . When administered in rats, this inhibitor has been shown to elicit a plethora of beneficial effects, including axon preservation and/or regeneration, remyelination, reduced apoptosis and lesion cavity, enhanced angiogenesis, and improved functional recovery after a complete transection spinal cord injury. Although CST axons remained refractory to regeneration, SM-216289-treated rats showed enhanced 5-HT axon growth into the lesion site but not substantially beyond. It will be interesting to determine whether the multiple beneficial effects of SM-216289 observed are mediated exclusively through Sema3A because SM-216289 also binds to other molecular targets, including matrix metalloprotease and epidermal growth factor receptor.
The results of our NgR1 single mutants directly contrasts with published data reporting enhanced 5-HT axon regeneration of another NgR1 mutant line also using a complete transection model (Kim et al., 2004) . Although different mutants were analyzed, both are NgR1 null (Kim et al., 2004; Zheng et al., 2005) . Genetic background may be a factor. However, both mutations were made in the 129S7 background and backcrossed to C57BL/6 for three or more times. Different surgical techniques may also contribute to variability. Future studies are required to clarify this discrepancy.
In summary, our data illustrate the limitations of targeting the myelin-derived and Semaphorin-mediated inhibitory influences to promote spinal axon regeneration after a complete transection injury. Whether class 3 Semaphorins modulate injury-induced axonal growth in a less severe injury model and whether receptors other than PlexinA3 and PlexinA4 may mediate their inhibitory action in the adult CNS remain unknown. Regardless, the current study questions the potential of therapeutic strategies that focus on neutralizing these inhibitory molecules as the primary measure to treat spinal cord injury when axon regeneration is the goal.
